Dissecting the oxidative folding of circular cystine knot miniproteins.
Cyclotides are plant proteins with exceptional stability owing to the presence of a cyclic backbone and three disulfide bonds arranged in a cystine knot motif. Accordingly, they have been proposed as templates to stabilize bioactive epitopes in drug-design applications. The two main subfamilies, referred to as the Möbius and bracelet cyclotides, require dramatically different in vitro folding conditions to achieve the native fold. To determine the underlying elements that influence cyclotide folding, we examined the in vitro folding of a suite of hybrid cyclotides based on combination of the Möbius cyclotide kalata B1 and the bracelet cyclotide cycloviolacin O1. The folding pathways of the two cyclotide subfamilies were found to be different and influenced by specific residues within intercysteine loops 2 and 6. Two changes in these loops, a substitution in loop 2 and an addition in loop 6, enabled the folding of a cycloviolacin O1 analogue under conditions in which folding does not occur in vitro for the native peptide. A key intermediate contains a native-like hairpin structure that appears to be a nucleation locus early in the folding process. Overall, these mechanistic findings on the folding of cyclotides are potentially valuable for the design of new drug leads.